Abstract Caenorhabditis elegans has become a powerful experimental organism with which to study meiotic processes that promote the accurate segregation of chromosomes during the generation of haploid gametes. Haploid reproductive cells are produced through one round of chromosome replication followed by two successive cell divisions. Characteristic meiotic chromosome structure and dynamics are largely conserved in C. elegans . Chromosomes adopt a meiosis-speci fi c structure by loading cohesin proteins, assembling axial elements, and acquiring chromatin marks. Homologous chromosomes pair and form physical connections though synapsis and recombination. Synaptonemal complex and crossover formation allow for the homologs to stably associate prior to remodeling that facilitates their segregation. This chapter will cover conserved meiotic processes as well as highlight aspects of meiosis that are unique to C. elegans .
Introduction
Meiosis is a specialized cell division process by which sexually reproducing diploid organisms, including humans, produce haploid gametes (i.e., eggs and sperm) to be used for fertilization. This halving in the number of chromosomes is accomplished by following one round of DNA replication with two consecutive rounds of chromosome segregation (meiosis I and meiosis II). Whereas homologous chromosomes segregate away from each other at meiosis I, sister chromatids segregate to opposite poles of the spindle at meiosis II. The accurate segregation of chromosomes at every cell division is required to prevent aneuploidy, which consists of the formation of cells carrying an incorrect number of chromosomes. This is of tremendous importance given that meiotic chromosome missegregation has a signi fi cant impact on human health, as indicated by it being the leading cause of congenital birth defects and miscarriages (Hassold and Hunt 2001 ) . Therefore, there are several mechanisms set in place to ensure proper chromosome segregation, as exempli fi ed by meiosis I, where homologous chromosomes must pair, align, and form physical connections prior to the fi rst division. Several key processes promote the normal progression of these steps during meiosis I. These include the formation of connections between sister chromatids afforded by the establishment of sister chromatid cohesion, the establishment of stable interactions between homologs achieved through the formation of a proteinaceous structure known as the synaptonemal complex (SC), and the repair of programmed meiotic DNA double-strand breaks (DSBs) into crossovers (CO) .
Caenorhabditis elegans has several unique features that make it an advantageous model organism to study both meiosis and chromosome dynamics. It has a relatively short generation time and is a tractable genetic system that can be used in both forward and reverse genetic approaches. RNA-mediated interference (RNAi), cosuppression and the generation of transgenic lines with targeted deletions can all be used to examine loss-of-function phenotypes (Frokjaer-Jensen et al. 2010 ; Dernburg et al. 2000 ; Timmons and Fire 1998 ) . Chromosome nondisjunction is easily assessed by missegregation of the X chromosome, which determines sex in C. elegans . While males have a single sex chromosome (X0), hermaphrodites have two copies (XX). Self-fertilizing hermaphroditic worms lay mostly hermaphroditic progeny and produce males at a very low frequency (<0.2%) (Hodgkin et al. 1979 ) . Mutations affecting meiotic prophase I events result in increased chromosome nondisjunction. Rather than arresting as a result of these defects, aneuploid gametes in C. elegans become fertilized but result in inviable offspring as indicated by increased emb ryonic lethality (Emb). The Emb phenotype is typically accompanied by a h igh i ncidence of m ales (Him) phenotype.
Distinct morphological changes during its life cycle, as well as its transparency, aid in the developmental staging of worms. Transparency of the entire body of the worm, including the gonad, also facilitates the analysis via whole-mount preparations for immuno fl uorescence, live or fi xed imaging of fl uorescent fusions in vivo , and in situ hybridization (Motohashi et al. 2006 ; Lee and Schedl 2006 ; Duerr 2006 ; Phillips et al. 2009a ) . This allows for 3D analysis of chromosome dynamics as well as the localization of proteins and speci fi c chromosomal regions in the context of intact meiotic nuclei.
In this chapter, we will focus on the meiosis in hermaphrodite worms as they are producing oocytes. Since the germline contains over half of the total number of nuclei comprising an adult hermaphrodite worm, it provides ample biomass for the study of meiosis (MacQueen et al. 2005 ; Hirsh et al. 1976 ) . The C. elegans gonad is a bi-lobed structure in which nuclei are ordered in a spatial-temporal gradient such that sequential stages of meiosis are easily visualized (Fig. 6 .1 ) (Crittenden et al. 1994 ) . The most distal end, or proliferative zone, contains germ cell nuclei that are undergoing mitotic divisions and meiotic S-phase (Crittenden et al. 2006 ; Jaramillo-Lambert et al. 2007 ; Fox et al. 2011 ) . As nuclei move proximally, they enter the early stages of meiosis (leptotene and zygotene) that correspond to the transition zone, in which chromosomes acquire a polarized organization (Dernburg et al. 1998 ; Crittenden et al. 1994 ; Hirsh et al. 1976 ) . In the transition zone, chromosomes pair, initiate recombination, and begin to synapse (Fig. 6.2 ; Dernburg et al. 1998 ; MacQueen et al. 2002 ; Alpi et al. 2003 ; Colaiacovo et al. 2003 ) . Synapsis is completed by entrance into pachytene, when chromosomes redistribute throughout the nuclear periphery. Crossover recombination is then completed during pachytene within the context of fully synapsed chromosomes. By late pachytene, the synaptonemal complex (SC) starts to disassemble, a process that continues during diplotene. Finally, at diakinesis, six pairs of homologous chromosomes (bivalents) are observed held together by chiasmata, the cytological manifestation resulting from the earlier crossover event between homologous chromosomes underpinned by fl anking sister chromatid cohesion (Villeneuve 1994 ) .
The distinct meiotic stages, basic mechanisms, and genes involved in meiotic chromosome dynamics are largely conserved across taxa (Tables 6.1 and 6.2 ). Thus, meiotic studies in C. elegans , a model system amenable to a wide range of genetic, molecular, cytological, and biochemical approaches, can provide signi fi cant insight into the meiotic processes occurring in other organisms. The C. elegans gonad. A dissected and DAPI-stained gonad of a hermaphrodite adult worm. Progression from the distal to the proximal end is depicted from left to right. The image is a projection of three-dimensional data stacks of intact nuclei, which were taken approximately halfway through the gonad, to facilitate visualization of nuclear morphology
Sister Chromatid Cohesion
Universally, sister chromatid cohesion joins sister chromatids (Oliveira and Nasmyth 2010 ) . By tethering sister chromatids together at distinct chromosomal loci, the cohesin complex mediates the formation of the loop-axis structure of chromatin (Blat et al. 2002 ) . In the absence of cohesion, sister chromatids segregate prematurely during meiosis I. Speci fi cally, the attachment of chromosomes through cohesion permits cosegregation of sister chromatids at the fi rst meiotic division, whereas it facilitates bi-orientation of sister chromatids on the spindle at the second meiotic division.
The cohesin complex contains four evolutionarily conserved subunits: two s tructural m aintenance of c hromosomes (SMC) subunits, SMC-1/HIM-1 and SMC-3, the non-SMC component SCC-3, and a kleisin subunit (Hagstrom and Meyer 2003 ) . As in plants and mammals, several meiotic a -kleisins exist in C. elegans to ensure cohesion between sister chromatids: REC-8, COH-3, and COH-4 (Severson et al. 2009 ; Pasierbek et al. 2001 ; Lee and Hirano 2011 ; Jiang et al. 2007 ; Bai et al. 1999 ; Parisi et al. 1999 ; Lee et al. 2003 ) . The coiled-coil domains of the SMC proteins connect the ATPase-containing "head" domain to the hinge region (Melby et al. 1998 ) . By folding at the hinge region, SMC proteins form intramolecular coiledcoils (Haering et al. 2002 ) . The two SMC proteins, SMC-1 and SMC-3, can then interact at their hinge regions with the N-and C-terminal regions of the kleisin subunits (Haering et al. 2002 ) . Current models suggest that the complex forms a ring structure that acts to embrace the sister chromatids (Haering et al. 2002 ) . Sister chromatid cohesion is established during replication (Sherwood et al. 2010 ) . The HEAT/armadillo repeat-containing protein TIM-1, a paralog of the Drosophila circadian clock protein TIMELESS, mediates association of the non-SMC components of cohesin onto chromatin (Chan et al. 2003 ) . HEAT-repeat-containing protein Scc2 and TPR-protein Scc4 are components of the highly conserved cohesin loading complex found in yeast, Xenopus, and humans (Gillespie and Hirano 2004 ; Watrin et al. 2006 ; Ciosk et al. 2000 ; Rollins et al. 2004 ; Tonkin et al. 2004 ; Seitan et al. 2006 ) . In C. elegans , the ortholog for Scc4 is MAU-2, which likely plays a similar role to its yeast and human counterparts, whereas SCC-2 has been shown to mediate the meiotic loading of cohesin subunits on chromatin (Seitan et al. 2006 ; Lightfoot et al. 2011 ) .
Maintenance of sister chromatid cohesion requires cohesin subunits and the HEAT-repeat-containing protein PDS-5/EVL-14 (Wang et al. 2003 ; Nasmyth and Haering 2005 ) . Absence of either PDS-5 or the cohesin subunit SCC-3 results in premature separation of sister chromatids during meiotic prophase in C. elegans (Wang et al. 2003 ) . Previously, it was thought that cohesin may act as a scaffold for the loading of additional axis-associated components, which promote chromosome synapsis (Page and Hawley 2004 ) . Recent work, however, suggests that axial components contribute to sister chromatid cohesion, as exempli fi ed by the observation that cohesin components are interdependent with axial/lateral component HTP-3 for stable association on chromosomes (Severson et al. 2009 ; Kim et al. 2010 ; Goodyer et al. 2008 ) .
Stepwise removal of sister chromatid cohesion allows for proper segregation of chromosomes at each of the meiotic divisions. Speci fi cally, whereas homologs must segregate away from each other in the fi rst meiotic division, sister chromatids only separate in the second meiotic division. In most eukaryotes, this is accomplished through the incorporation of the meiosis-speci fi c kleisin Rec8 in cohesin complexes. During the meiosis I division, REC-8 cleavage elicits bivalent resolution by releasing the connection holding homologs together (Rogers et al. 2002 ) . However, REC-8 is protected from cleavage at de fi ned regions between sister chromatids to prevent their premature separation at meiosis I (Rogers et al. 2002 ; Pasierbek et al. 2001 ) . At the second division, the residual REC-8 is cleaved to permit segregation of sister chromatids (Rogers et al. 2002 ; Pasierbek et al. 2001 ) .
The persistence of sister chromatid cohesion in the absence of REC-8 is due to the presence of the other two meiotic kleisins, COH-3 and COH-4 (Severson et al. 2009 ) . Sister chromatid cohesion is only signi fi cantly reduced in the absence of all three kleisins (Severson et al. 2009 ) . However, these paralogs apparently only share partial overlap for other functions during meiosis. This is suggested in part by the observation that coh-3 coh-4 double mutants are more severely defective for the assembly of the SC than rec-8 single mutants (Severson et al. 2009 ) . Moreover, REC-8 alone is suf fi cient to maintain sister chromatid cohesion during the second meiotic division (Severson et al. 2009 ) .
Finally, aside from mediating cohesion between sister chromatids, work in C. elegans and other organisms suggests that cohesin may play additional roles. Absence of Rec8 in budding yeast results in a shortened length of meiotic S-phase (Cha et al. 2000 ) . Since REC-8 localizes to mitotic nuclei in the C. elegans gonad (Goodyer et al. 2008 ; Pasierbek et al. 2001 ) , it has been proposed that REC-8 may also have a function in both the mitotically cycling nuclei and the progression of meiotic S-phase in the germline (Jaramillo-Lambert et al. 2007 ) . Premeiotic nuclei in the germlines of rec-8 mutants exhibit increased levels of DSBs (Hayashi et al. 2007 ) . Failure to load cohesin subunits also results in an accumulation of meiotic DSBs, which indicates impaired meiotic DSB repair Smolikov et al. 2007a ; Baudrimont et al. 2011 ; Lightfoot et al. 2011 ) . This is in line with work in yeast that suggests that cohesin may have a signi fi cant role in mediating DNA metabolism. Speci fi cally, absence of cohesin results in altered distribution of meiotic DSBs because cohesin mediates the localization of axial components that recruit factors involved in DSB formation (Kugou et al. 2009 ; Ellermeier and Smith 2005 ; Panizza et al. 2011 ) . Moreover, loading of the cohesin complex surrounding DSB sites facilitates the use of the sister chromatid as a template for repair in mitotic cells in budding yeast (Heidinger-Pauli et al. 2008 ) . During meiosis, axial elements promote homolog bias in budding yeast by stimulating the local loss of cohesion in order to release one end of the DSB to undergo repair using the homolog as a template (Kim et al. 2010 ) . However, as recombination progresses, cohesion functions to maintain homolog bias by promoting formation of interhomolog recombination intermediates by inhibiting activity of the other end of the DSB (Kim et al. 2010 ) . rec8 deletion mutants in yeast and ord Drosophila mutants, which fail to localize cohesin on chromosomes, undergo increased recombination between sister chromatids (Webber et al. 2004 ; Kim et al. 2010 ) . Similarly, DSBs in rec-8 mutants are likely repaired by intersister recombination given that the univalents observed in diakinesis oocytes in this background have a mostly intact appearance, lacking elevated levels of either chromosome fragments or aggregates (Pasierbek et al. 2001 ; Colaiacovo et al. 2003 ; Smolikov et al. 2007a ) . In C. elegans , loading of meiotic cohesin appears to be required for the DNA damage checkpoint to sense and eliminate nuclei with persistent unrepaired DSBs. Speci fi cally, scc-2 mutants fail to recruit a component of the DNA damage checkpoint to unrepaired meiotic DSBs and activate the apoptotic checkpoint (Lightfoot et al. 2011 ) . Therefore, the regulated establishment, maintenance, and removal of sister chromatid cohesion plays several key roles during meiosis throughout species. Moreover, cohesin also plays important roles in the regulation of DSB distribution and repair.
Meiotic Pairing of Homologous Chromosomes
In the transition zone of the C. elegans germline, chromosomes polarize towards one side of the nuclei, which imparts a crescent-shaped appearance to the DAPI-stained chromatin. This reorganization of the chromosomes is coincident with the pairing of chromosomes as determined by fl uorescence in situ hybridization (FISH) (Dernburg et al. 1998 ) . The formation of the crescent-shaped morphology is thought to serve the same purpose as the clustering of chromosomes that is observed in most other organisms during meiotic prophase. In other organisms, both ends of the chromosome localize preferentially near the spindle pole body or the centrosome to form the arrangement known as the "bouquet" (Zickler and Kleckner 1998 ) . Traditionally, the bouquet is thought to assist in the homology search by reducing the volume of searchable space from a three-dimensional to a two-dimensional space in the nucleus, and simplifying the homology search by sorting chromosomes by their lengths (Schlecht et al. 2004 ; Roeder 1997 ; Loidl 1990 ) . Since in C. elegans only one end of each chromosome attaches to the nuclear envelope, there is not a formation of a classic "bouquet" arrangement, but the reorganization of the chromosomes detected at transition zone is thought to accomplish the same goal by assisting in the pairing of chromosomes (Goldstein 1982 ) .
Defects in crossing over due to either chromosome deletions or the presence of translocations suggested that C. elegans chromosomes require cis -acting regions to pair their homologs (Rose et al. 1984 ; McKim et al. 1988 ; Villeneuve 1994 ; Rosenbluth and Baillie 1981 ; Herman et al. 1982 ) . These regions were fi rst de fi ned as homology recognition regions (HRR) and were later given the name "pairing centers" (PCs) (Villeneuve 1994 ; McKim et al. 1988 ) . PCs were roughly mapped by genetic analysis to the ends of the chromosomes in C. elegans (reviewed in Zetka and Rose 1995 ) . PCs contain highly repeated DNA sequence motifs that recruit the C2H2 zinc-fi nger proteins, ZIM-1, ZIM-2, ZIM-3, and HIM-8 (Phillips et al. , 2009b Phillips and Dernburg 2006 ; Sanford and Perry 2001 ) . While HIM-8 binds speci fi cally to the X chromosome, the ZIM proteins mediate the interactions between the autosomes (Phillips and Dernburg 2006 ; Phillips et al. 2005 ) . Interestingly, there are only three ZIM proteins to mediate pairing between the fi ve autosomes (Phillips and Dernburg 2006 ) . ZIM-1 and ZIM-3 each mediate pairing of two autosomes (Phillips and Dernburg 2006 ) . This suggests that the stable pairing between chromosomes must require a yet unknown additional mechanism to prevent interactions between the nonhomologous chromosomes that share the same ZIM proteins.
It is important to note that pairing centers are not unique to C. elegans . Both Drosophila males and budding yeast have cis -acting regions that promote chromosome pairing as well. Repetitive sequences in the rDNA are required for sex chromosome pairing in Drosophila males (McKee 1996 ) . The interaction between the rDNA repeats is mediated by the cohesin Scc3 homolog SNM and the BTB domaincontaining protein MNM, which also facilitate the pairing of autosomes in Drosophila males (Thomas and McKee 2007 ; Thomas et al. 2005 ) . While the pairing centers in C. elegans and Drosophila males promote homologous pairing of chromosomes, centromere coupling, the pairing of centromeric regions during meiosis in budding yeast, occurs between nonhomologous chromosomes (Tsubouchi and Roeder 2005 ) . Centromere pairing of nonhomologous chromosomes precedes homologous pairing and can occur in the absence of recombination (Tsubouchi and Roeder 2005 ; Obeso and Dawson 2010 ) . This centromere pairing requires both the cohesin component Rec8 and Zip1, a structural component of the central region of the SC in yeast (Tsubouchi and Roeder 2005 ; Bardhan et al. 2010 ) . Therefore, studies on the mechanism by which pairing centers allow for homolog recognition in C. elegans can be informative for the understanding of how cis -acting regions promote chromosome associations in other organisms. X chromosome pairing is particularly robust compared to the autosomes in C. elegans . When dynein is depleted, X chromosome pairing is not affected, but the autosomes fail to pair (Sato et al. 2009 ) . The X chromosome pairing is also more resistant to defects in axis morphogenesis and SC formation. Speci fi cally, pairing of the X chromosome is less affected than the pairing of the autosomes in htp-1 mutants, him-3 hypomorphs, and cra-1 mutants MartinezPerez and Villeneuve 2005 ; Couteau et al. 2004 ; Smolikov et al. 2008 ) . This ef fi cient pairing of the X chromosome in the him-3 hypomorphs and cra-1 mutants translates into less severe synapsis and recombination defects of X chromosomes compared to the autosomes that fail to pair Couteau et al. 2004 ) . The mechanism by which the X chromosomes pair more ef fi ciently is unknown, but the answer may lie in the chromatin state of the X chromosome. In C. elegans , the X chromosome adopts a heterochromatic state and is silenced during meiotic prophase (Kelly et al. 2002 ) . Since transcriptionally silenced regions are often compartmentalized within the nucleus (Cremer et al. 2006 ) , the silenced X chromosomes may preferentially be associated by recruitment to that subnuclear position. On the other hand, it is possible that the heterochromatin of the X may promote pairing more directly as it does in Drosophila females (Hawley et al. 1992 ; Karpen et al. 1996 ; Dernburg et al. 1996 ) .
Gross changes in chromosome morphology suggest that chromosome movement is highly dynamic during meiotic prophase. In C. elegans , meiotic chromosome movement facilitates the timely pairing of chromosomes and is dependent on microtubules (Sato et al. 2009 ) . Depletion of dynein, the microtubule motor, results in pairing delays and failure to synapse chromosomes in this system (Sato et al. 2009 ) . This is analogous to the dynein-mediated horsetail chromosome movement observed in fi ssion yeast that promotes chromosome pairing (Ding et al. 2004 ; Hiraoka et al. 2000 ; Miki et al. 2002 ) . However, chromosome movement and pairing is largely independent of dynein in budding yeast and instead requires actin (Koszul et al. 2008 ; Lui et al. 2006 ; Trelles-Sticken et al. 2005 ) . Universally, the SUN and KASH proteins that bridge the nuclear membrane in worms, fl ies, yeast, and humans allow for the transduction of force from the cytoplasm to the nucleus (Starr and Fridolfsson 2010 ) . In C. elegans , the KASH protein ZYG-12 is a transmembrane protein that interacts with dynein and spans the outer nuclear membrane (Malone et al. 2003 ) . Meanwhile, ZYG-12 interacts with SUN-1 in the perinuclear space (Minn et al. 2009 ) . Importantly, nocodazole treatment, which depolymerizes microtubles, results in nonhomologous synapsis in C. elegans (Sato et al. 2009 ) . It has therefore been proposed that meiotic chromosome movement not only facilitates pairing but also disrupts nonhomologous interactions (Koszul and Kleckner 2009 ) .
Modi fi cation of the phosphorylation state of SUN-1 is required for proper chromosome morphogenesis during meiotic prophase. Speci fi cally, phosphorylation of SUN-1 by the Polo-like kinase PLK-2 allows for its aggregation and polarization of the aggregates on one half of the nuclear periphery (Penkner et al. 2009 ; Harper et al. 2011 ) . Moreover, CHK-2, the ortholog of the checkpoint protein kinases Cds1 in S. pombe and Chk2 in mammals, also mediates the phosphorylation of SUN-1, and chk-2 mutants fail to cluster their chromosomes and pair (MacQueen and Villeneuve 2001 ; Penkner et al. 2009 ) . More recently it has been shown that CHK-2 is required for the association of the PBD-domain of PLK-2 with HIM-8 (Harper et al. 2011 ) . Furthermore, the ZIM proteins, but not HIM-8, require CHK-2 to associate with the nuclear membrane, and the ZIM/HIM-8 proteins associate with the nuclear envelope in distinct clusters rather than forming a single cluster (Phillips and Dernburg 2006 ) . Therefore, the crescent-shaped organization acquired by the chromosomes in the transition zone likely results from the ZIM/HIM-8 proteins associating with the polarized SUN-1 aggregates. Interestingly, although the ZIM/ HIM-8 proteins colocalize with the SUN/KASH aggregates and PLK-2 (Sato et al. 2009 ; Harper et al. 2011 ; Labella et al. 2011 ) , only HIM-8 was found to interact with PLK-2 by yeast two-hybrid (Harper et al. 2011 ) . PC-associated proteins may recruit PLK-2 to the nuclear envelope to phosphorylate SUN-1, which results in its aggregation and polarization (Penkner et al. 2009 ; Harper et al. 2011 ; Labella et al. 2011 ) . Finally, SUN-1 dephosphorylation is required to redisperse chromosomes in the nucleus during pachytene (Penkner et al. 2009 ) .
The interaction of PCs on homologous chromosomes facilitates their alignment and may act to stabilize homologous interactions, thereby allowing synapsis to proceed. Although PC interactions are suf fi cient to stabilize the local pairing of homologs in the absence of synapsis (MacQueen et al. 2005 ) , stable pairing between the homologs along the full length of chromosomes requires synapsis (MacQueen et al. 2002 ) . Pairing of homologs at the non-PC regions of autosomes is mediated by the chromodomain protein MRG-1, which prevents nonhomologous synapsis along regions away from the PCs (Dombecki et al. 2011 ) . In the absence of either PCs or the zinc-fi nger proteins ZIMs/HIM-8, synapsis of the corresponding chromosome pair does not occur (Phillips and Dernburg 2006 ; MacQueen et al. 2005 ; Phillips et al. 2005 ) . However, failure of a single PC to interact does not affect synapsis of the other chromosomes, but it does result in delays in both DSB repair and release from the polarized con fi guration for the other chromosomes (Phillips and Dernburg 2006 ; Phillips et al. 2005 ) . Mutants that have defects in synapsis often exhibit an extended transition zone with nuclei that persist in the clustered con fi guration throughout what corresponds to the pachytene stage in wild-type germlines (MacQueen et al. 2002 ; Colaiacovo et al. 2003 ; Smolikov et al. 2007a ) . PLK-2 is required for prolonging the transition zone in mutants with defects in pairing and/or synapsis (Harper et al. 2011 ) . Therefore, a checkpoint may perhaps exist to help coordinate pairing with synapsis and PLK-2 appears to be involved with this checkpoint (Martinez-Perez and Villeneuve 2005 ; Harper et al. 2011 ; Labella et al. 2011 ) .
Chromosome Synapsis
Synapsis is the zipping-up of paired homologs along their lengths by the proteinaceous scaffold referred to as the synaptonemal complex or SC. The SC is a tripartite structure comprised of a pair of lateral elements and a central region. Lateral elements are formed via the assembly of proteins along the homologous axes, which in turn are connected via central region components, consisting of transverse fi lament proteins that bridge the homologous axes. This results in a "ladder-like" organization along the length of paired and aligned homologous chromosomes ( Fig. 6.3a ; Moses 1968 ) . Within the Central region protein SYP-1 ( red ) forms tracks at the interface between DAPI-stained chromosomes ( blue ). The images are projections halfway through three-dimensional data stacks of whole nuclei context of a fully formed SC, homologs are held together with their axes ~100 nm apart throughout most species (Westergaard and von Wettstein 1972 ) . This is also the case in C. elegans where axes are separated by an average distance of 118 nm (90-125 nm range; Smolikov et al. 2008 ) . Synapsis begins in the transition zone, where short segments of the central region are observed to associate with chromosomes (MacQueen et al. 2002 ) . Synapsis is completed by pachytene, when thick parallel DAPI-stained tracks are visible in meiotic nuclei, fl anking the signal of central region proteins, which localize throughout the full length of the chromosomes (Fig. 6.3c ) .
Axial element proteins assemble along the lengths of sister chromatids prior to pairing. As axes become closely juxtaposed and homologs start to synapse, the axial elements are referred to as lateral elements. C. elegans has multiple HORMA (Hop1, Rev7, and Mad2) domain-containing proteins: HIM-3, HTP-1/2, and HTP-3 (Goodyer et al. 2008 ; Aravind and Koonin 1998 ; Martinez-Perez and Villeneuve 2005 ; Zetka et al. 1999 ) . These are non-cohesin proteins that associate along the longitudinal axes of chromosomes (Martinez-Perez and Villeneuve 2005 ; Zetka et al. 1999 ; Couteau et al. 2004 ; Goodyer et al. 2008 ; Martinez-Perez et al. 2008 ) . Localization of HTP-3 is interdependent with cohesin components (Goodyer et al. 2008 ; Severson et al. 2009 ) , and HTP-3 mediates the association of HTP-1/2 and HIM-3 on chromosomes (Severson et al. 2009 ; Goodyer et al. 2008 ) . While association of HTP-1/2 with chromosomes does not require either the meiosis-speci fi c cohesin REC-8 or HIM-3, bulk loading of HIM-3 requires cohesin, and HTP-1 mediates additional association of HIM-3 with chromosomes (Martinez-Perez et al. 2008 ; Pasierbek et al. 2003 ; Couteau and Zetka 2005 ) .
The lateral/axial elements play essential roles in meiotic events and serve to coordinate pairing, synapsis, and recombination. HIM-3, HTP-1/2, and HTP-3 have specialized functions in mediating pairing and proper loading of the central region components of the SC (Martinez-Perez and Villeneuve 2005 ; Zetka et al. 1999 ; Couteau et al. 2004 ; Goodyer et al. 2008 ) . him-3 null mutants completely fail to cluster and pair their chromosomes (Zetka et al. 1999 ; Couteau et al. 2004 ) . The failure to cluster chromosomes in him-3 mutants may re fl ect the reduced association between the SUN-1 and the ZIM proteins in those mutants (Baudrimont et al. 2010 ) . In contrast, htp-1 mutants have a less severe defect in pairing than him-3 mutants and exhibit a few polarized nuclei (Martinez-Perez and Villeneuve 2005 ; Couteau et al. 2004 ) . In budding yeast, the lack of axial element formation impairs chromosome movement and delays pairing (Trelles-Sticken et al. 2005 ) . Similarly, chromosome axis morphogenesis in C. elegans could be coupled to regulation of chromosome movement. Absence of HTP-1/2 can result in nonhomologous synapsis of the autosomes (Martinez-Perez and Villeneuve 2005 ; Couteau et al. 2004 ; Couteau and Zetka 2005 ) . By inhibiting the polymerization of the SC when pairing has failed, HTP-1/2 coordinates pairing with SC formation. HTP-3 does not only play a role in pairing and synapsis but is also required for meiotic DSB formation (Goodyer et al. 2008 ) . While him-3 mutants have normal levels of break formation, but delayed DSB turnover (Couteau et al. 2004 ) , htp-3 mutants do not form breaks, but can repair breaks induced by irradiation. Therefore, the expansion of the HORMA domain protein class in C. elegans has allowed for each of the proteins to attain specialized functions during meiosis.
The central region of the SC consists of an ordered array of transverse fi laments repeating along the length of the homologs. In budding yeast, where Zip1 is the only central region protein identi fi ed to date, it forms homodimers through its coiled-coil domains (Zickler and Kleckner 1999 ; Dong and Roeder 2000 ) . The homodimers then interact in an antiparallel manner to span the distance between the lateral elements of the homologs (Liu et al. 1996 ; Schmekel et al. 1996 ) . However, the organization of the central region of the SC is apparently more complex in higher eukaryotes. In fact, the assembly of the SC in C. elegans may be more analogous to that in mammals than in yeast. As opposed to the single central region component present in budding yeast, both mice and C. elegans have several central region proteins (Costa et al. 2005 ; Schramm et al. 2011 ; Bolcun-Filas et al. 2007 ; Smolikov et al. 2007b Smolikov et al. , 2009 Colaiacovo et al. 2003 ; MacQueen et al. 2002 ; Hamer et al. 2006 ; de Vries et al. 2005 ; Sym et al. 1993 ) . In C. elegans , the central region proteins SYP-1/2/3/4 localize between the axes of synapsed homologs (Smolikov et al. 2007b (Smolikov et al. , 2009 Colaiacovo et al. 2003 ; MacQueen et al. 2002 ) . Moreover, the central region components are interdependent upon each other for their assembly on chromosome axes (Smolikov et al. 2007b (Smolikov et al. , 2009 Colaiacovo et al. 2003 ) . The predicted length of each of the central region proteins is not suf fi cient to span the entire width of the SC (Smolikov et al. 2009 ) . By assembling into a multi-protein complex, the SYP proteins maintain the characteristic organization and conserved dimensions of the SC (Schild-Prufert et al. 2011 ) . Through a series of immunogold labeling and protein interaction studies, the structure of the SC was determined to consist of a homodimer of SYP-1 that can interact with the C-terminus of SYP-2 and the N-terminus of SYP-3, which in turn interacts with SYP-4 and has its C-terminus located at the chromosome axes ( Fig. 6.3b ; Schild-Prufert et al. 2011 ) .
Synapsis tends to initiate at the PC end of the chromosome and polymerize down the rest of the chromosome (MacQueen et al. 2005 ) . Moreover, SC polymerization is highly processive once it is nucleated, and can accommodate regions of nonhomology located away from the pairing center (MacQueen et al. 2005 ) . The processivity of SC polymerization is mediated, at least in part, by the tetratricopeptide repeat (TPR) domain-containing protein CRA-1 . cra-1 mutants form uneven, discontinuous stretches of SC . Unlike yeast, plants and mammals, but similar to fl ies, synapsis in C. elegans can occur even in the absence of recombination initiation (Dernburg et al. 1998 ; McKim et al. 1998 ; Giroux et al. 1989 ; Baudat et al. 2000 ; Grelon et al. 2001 ) . Importantly, the polymerization of SC components along chromosome axes in the absence of recombination is dependent on CRA-1 . Taken together, this suggests that the dependence of SC formation on DSB formation is largely conserved across taxa. However, the evolution of CRA-1 has allowed meiosis in C. elegans to bypass the requirement of DSB initiation for synapsis, but not accurate chromosome segregation.
The formation of a fully mature SC between homologs mediates the progression of meiotic events. Although mutants of central region components can pair their chromosomes, chromosomes fail to stabilize pairing interactions along their lengths (Colaiacovo et al. 2003 ; MacQueen et al. 2002 ; Smolikov et al. 2007b Smolikov et al. , 2009 ) .
Moreover, the clustered con fi guration characteristic of transition zone is prolonged in mutants that lack central region components of the SC (Smolikov et al. 2009 ; MacQueen et al. 2002 ) . Thus, similar to budding yeast and mice, SC formation appears to be required for maximal levels of pairing between homologs in C. elegans (Nag et al. 1995 ; Peoples-Holst and Burgess 2005 ; Peoples et al. 2002 ; Daniel et al. 2011 ) . The SC also promotes recombination between homologous chromosomes. Mutants defective in SC formation accumulate recombination intermediates, which are visualized as persistent foci of the strand invasion protein RAD-51 in late pachytene (MacQueen et al. 2002 ; Colaiacovo et al. 2003 ; Smolikov et al. 2007a Smolikov et al. , 2009 . Synapsis is universally important for the formation of crossovers between homologs, as exempli fi ed by the observation that defects in synapsis result in reduced crossing over in plants, yeast, fl ies, mammals, and C. elegans (de Vries et al. 2005 ; Page and Hawley 2001 ; Colaiacovo et al. 2003 ) . Late recombination nodules, which are the dark silver staining bodies visible by electron microscopy (EM) on pachytene chromosomes and represent sites of future crossover formation, tend to be associated with the SC in fungi, fl ies, plants, and humans (Rasmussen and Holm 1984 ; Maguire 1966 ; Carpenter 1975 ; Zickler 1977 ) . Therefore, the SC plays a key and conserved role in promoting the progression of interhomolog recombination.
Differentiation of the bivalent occurs as chromosomes remodel at the pachytenediplotene transition around the off-center placed single crossover undergone by every pair of homologs (Nabeshima et al. 2005 ) . Chromosomes therefore acquire a cruciform structure comprised of a pair of long and short arms (Fig. 6.2 ) . Later, this con fi guration results in the long arms facing the poles and short arms being aligned along the metaphase plate. The SC begins to disassemble during late pachytene and is completely absent from the long arms of the bivalent by diakinesis (MacQueen et al. 2002 ; Nabeshima et al. 2005 ) . The asymmetric disassembly of the SC requires components involved in crossover formation: ZHP-3, MSH-4, and MSH-5 (Nabeshima et al. 2005 ; Bhalla et al. 2008 ) . ZHP-3 is a SUMO E3 ligase homologous to yeast Zip3, a protein that plays key roles in crossover formation and promoting the assembly of the central region of the SC (Jantsch et al. 2004 ; Agarwal and Roeder 2000 ; Borner et al. 2004 ) . In C. elegans , ZHP-3 is not required for SC formation but plays a role in promoting crossover formation (Jantsch et al. 2004 ; Bhalla et al. 2008 ) . ZHP-3 initially localizes along the length of the chromosome axes during pachytene and then relocalizes during late pachytene to the boundary between the short and long arms of the bivalent to mark the site of crossover formation (Bhalla et al. 2008 ; Jantsch et al. 2004 ) . Both transgenic worms expressing zhp-3::gfp at the restrictive temperature and mutants lacking SUMO polypeptide expression ( smo-1 ) fail to remove the SC from the long arms of the bivalent (Bhalla et al. 2008 ) . Finally, proper bivalent maturation also requires proper maintenance of sister chromatid cohesion at the long arms of the bivalent during diakinesis via restriction of the C. elegans Aurora B kinase homolog AIR-2 (de Carvalho et al. 2008 ) . This is mediated by LAB-1, a proposed functional analog of the mammalian Shugoshin protein implicated in the regulated two-step removal of sister chromatid cohesion (Kitajima et al. 2004 ; Marston et al. 2004 ; Rabitsch et al. 2004 ; Lee et al. 2008 ; Llano et al. 2008 ; de Carvalho et al. 2008 ) .
When AIR-2 is no longer limited to the short arms in the absence of LAB-1, bivalents have aberrant localization of SC components and SC disassembly is delayed until the last oocyte in diakinesis (de Carvalho et al. 2008 ) . Therefore, there are several different elements regulating the timely disassembly of the SC.
Defects in SC formation are detected by the synaptic checkpoint that operates during pachytene to cull nuclei by apoptosis . Moreover, the synapsis checkpoint, which can detect a single pair of asynaptic chromosomes, requires PLK-2 and the AAA-adenosine triphosphatase PCH-2 (Harper et al. 2011 ; Bhalla and Dernburg 2005 ) . However, in addition to monitoring chromosome asynapsis, the PCH-2 homologs in yeast and Drosophila have been implicated in axis morphogenesis and mediating the outcome of recombination by enforcing homolog bias and crossover interference (COI; Joyce and McKim 2009 ; Joshi et al. 2009 ; Wu and Burgess 2006 ) . Taken together, several mechanisms are set in place across species to regulate SC assembly and disassembly, as well as the "quality" of the SC formed throughout meiotic prophase.
Meiotic Recombination
Crossovers provide suf fi cient tension to align chromosomes on the spindle (Östergren 1951 ; Nicklas 1974 ) . Therefore, failure to from crossovers results in chromosomes that segregate randomly during the fi rst meiotic division and subsequent aneuploidy. Chiasmata are the physical manifestation of crossovers between homologs, and crossovers are the product of homologous recombination. Recombination events between homologs allow for exchange of genetic information, and by shuf fl ing the genetic information distributed to gametes that will be used in reproduction, this exchange promotes genetic diversity.
Each C. elegans chromosome undergoes multiple DSBs, but only one crossover (CO) forms between each chromosome pair (Mets and Meyer 2009 ; Barnes et al. 1995 ; Nottke et al. 2011 ; Gao, Saito and Colaiacovo, personal communication) . Meiotic DSBs that do not become crossovers are repaired as noncrossovers (NCO) . There are at least three layers of regulation determining the frequency and distribution of COs: crossover assurance, crossover interference, and crossover homeostasis.
Crossover assurance ensures that each chromosome receives at least one crossover, which is the obligate crossover (Jones 1984 ) . Crossover interference ensures that crossovers are distributed nonrandomly and places them further apart from each other than would be expected by chance (Muller 1916 ) . Therefore, the formation of a CO in a given location is proposed to "interfere" with or inhibit the formation of additional COs nearby. Since C. elegans chromosomes only undergo one CO per chromosome, it is an organism that exempli fi es strong crossover interference. In other organisms, there are two types of COs that occur in wild-type meiosis: COs either subject or not to interference. In budding yeast, COs subject to interference are mediated by the ZMM proteins [Zip1/2/3, Spo16 (Zip4), Mer3, Msh4, and Msh5], while interference-independent COs are dependent on Mms4 and Mus81 (Borner et al. 2004 ; Chen et al. 2008 ; de los Santos et al. 2003 ) . In C. elegans , all COs are normally dependent on HIM-14/MSH-4 and MSH-5, which are the homologs of the yeast ZMM proteins Msh4 and Msh5, respectively (Kelly et al. 2000 ; Zalevsky et al. 1999 ) . MUS-81-dependent CO formation occurs only in aberrant situations, in which DSBs are in excess or cannot be repaired as NCOs. A subset of crossovers is MUS-81-dependent after X-ray induction and in the absence of the helicase RTEL-1, which is the homolog of Srs2 in budding yeast (Youds et al. 2010 ) .
Crossover interference may require continuous stretches of SC along the chromosomes in C. elegans . A three-chromosome fusion consisting of homologous autosomes fl anking an unpaired X chromosome that disrupts SC formation between the autosomal segments results in each autosomal segment forming crossovers (Hillers and Villeneuve 2003 ) . Moreover, crossover interference is reduced and double COs occur more frequently in him-3 hypomorphs that form short SC stretches ) . However, continuous SC polymerization along chromosomes does not seem to be required for crossover interference in yeast and mice de Boer et al. 2006 ) . The decision to make COs as opposed to NCOs is thought to occur very early in budding yeast (Bishop and Zickler 2004 ; Allers and Lichten 2001 ; Borner et al. 2004 ) . While not much is known about NCO regulation in C. elegans , there is evidence suggesting that an early control/decision regarding COs is exerted at the level of DSB formation. Speci fi cally, CO analysis in condensin I mutants, which exhibit increased DSB formation, revealed both elevated levels and an altered distribution of COs (Mets and Meyer 2009 ; Tsai et al. 2008 ) . It has been hypothesized that the extended chromatin axes in condensin I mutants result in a higher density of smaller chromatin loops (Mets and Meyer 2009 ) . Moreover, DSBs have been proposed to occur preferentially at chromatin loops and then be recruited to non-sister homologous axes for repair (Blat et al. 2002 ; Maleki et al. 2007 ) . Since HTP-3 interacts with the nuclease MRE-11, which facilitates resection of DSBs (Goodyer et al. 2008 ) , recruitment of resected DSBs to the axis may occur via this direct interaction. Therefore, by having a higher density of chromatin loops, the potential for DSB formation may be increased in condensin I mutants. More recent work in C. elegans suggests that the CO decision is also made during later stages of meiosis. In one study, it was shown that DSBs created after completion of SC assembly (using heat-shock inducible transposon excision) are both subject to and confer interference, competing with endogenous DSBs to become the sole CO (Rosu et al. 2011 ) . In a second study, the introduction of exogenous DSBs by irradiation resulted in the separation of chromosome axes during late pachytene (Couteau and Zetka 2011 ) . Given that axis separation was observed in the CO-de fi cient mutant msh-5 , this study inferred that axis separation allowed for DSBs to be repaired as NCO events (Couteau and Zetka 2011 ) . Interestingly, the separation of axes is correlated with a reduction in histone 2A lysine 5 acetylation (H2AK5Ac), which in turn is dependent on HTP-3 (Couteau and Zetka 2011 ) . Taken together, these data suggest that CO control may be exerted by various factors affecting axis morphogenesis at different points during meiotic progression, namely early leptotene/zygotene, when the fi rst meiotic DSBs occur and synapsis is initiating, and late pachytene, when chromosomes are fully synapsed.
Crossover homeostasis maintains CO levels. As a result of crossover homeostasis, the number of COs does not scale to the number of DSBs formed. Speci fi cally, the number of COs is maintained despite a reduction in the number of DSBs formed and probably at the expense of non-crossovers (NCOs). Crossover homeostasis has been most clearly demonstrated in budding yeast by using hypomorhic alleles of the conserved Spo11 endonuclease, which reduce the number of DSBs to varying degrees. Despite a reduction in the number of recombination initiation events, the spo11 hypomorphs still exhibit normal CO levels (Martini et al. 2006 ) . The existence of crossover homeostasis in C. elegans remains to be determined.
Meiotic recombination initiates with the formation of programmed DSBs, which begin in the transition zone (Mets and Meyer 2009 ) . SPO-11 is a topoisomerase II-like protein that forms the DSBs (Dernburg et al. 1998 ; Keeney 2001 ) (Fig. 6.4 ) . The DSBs are then resected primarily by MRE-11, RAD-50, and COM-1 to reveal long, 3 ¢ single-stranded DNA tails (Chin and Villeneuve 2001 ; Hayashi et al. 2007 ; Penkner et al. 2007 ; Sun et al. 1991 ) . The single-stranded tails are coated with the RecA homolog RAD-51, whose nucleation on ssDNA and stabilization of the nucleoprotein fi lament is promoted by BRC-2, the BRCA2 homolog (Petalcorin et al. 2007 ) . Human and yeast homologs of RAD-54, a SWI2/SNF2 chromatin remodeling protein, promote strand invasion of homologous duplex DNA by the nucleoprotein fi lament (Alexeev et al. 2003 ; Mets and Meyer 2009 ; Mazin et al. 2000 ; Mazina and Mazin 2004 ) . In the absence of RAD-54, DSBs are not repaired and accumulate (Mets and Meyer 2009 ) . Interestingly, strand exchange, which is visualized by the presence of Rad51/Dmc1 foci, typically peaks during leptotene and zygotene in yeast, plants, and mice (Tarsounas et al. 1999 ; Terasawa et al. 1995 ; Bishop 1994 ) . In contrast, RAD-51 foci peak during pachytene in C. elegans (Alpi et al. 2003 ; Colaiacovo et al. 2003 ) . DSBs in budding yeast mostly disappear at the transition between zygotene and pachytene as they are converted into either NCO or CO intermediates (Allers and Lichten 2001 ; Hunter and Kleckner 2001 ) . However, whereas in budding yeast DSB initiation is essential for homolog pairing and synapsis, these processes are primarily mediated by PCs in C. elegans (Weiner and Kleckner 1994 ; Giroux et al. 1989 ; Peoples et al. 2002 ; Phillips et al. 2005 ; MacQueen et al. 2005 ) . Therefore, the earlier kinetics of recombination may not be necessary to promote the progression of those meiotic events in C. elegans .
After strand exchange by formation of the D-loop structure, the DSB can be processed into COs or NCOs. NCO formation is promoted by the ortholog of Srs2, RTEL-1, which assists in the ejection of the single-stranded DNA undergoing strand invasion and DNA synthesis (Youds et al. 2010 ; Barber et al. 2008 ) . DSBs that are destined to become COs are processed into single-end invasions (SEI) and then double Holliday junctions (dHJ) (Allers and Lichten 2001 ; Hunter and Kleckner 2001 ) . ZHP-3, the homolog of the crossover promoting protein Zip3 in budding yeast, localizes to the sites of obligate crossover formation in late pachytene/diplotene (Youds et al. 2010 ; Bhalla et al. 2008 ; Jantsch et al. 2004 ; Borner et al. 2004 ) . Following DNA synthesis, the second end of the DSB anneals to form a dHJ (Sun et al. 1991 ; Szostak et al. 1983 ) . Yeast Rad52 has been shown to promote second end capture through its N-terminal region, which promotes single strand annealing Sugiyama et al. 1998 ; Krejci et al. 2002 ) . This property is also conserved in the Rad52 ortholog BRC-2, which may therefore serve the same function and assist in second end capture during CO formation in C. elegans (Petalcorin et al. 2006 ) . Finally, MSH-4/HIM-14 and MSH-5, which are proposed to form a heterodimer at dHJs in humans, are required for CO formation and assist in the timely processing of NCO products (Winand et al. 1998 ; Zalevsky et al. 1999 ; Colaiacovo et al. 2003 ; Kelly et al. 2000 ; Snowden et al. 2004 ) . The meiotic recombination pathway in C. elegans . Here one homolog is depicted in black and the other is shown in red . Meiotic recombination is initiated by formation of DSBs. The topoisomerase-like enzyme SPO-11 catalyzes the cleavage of the double-stranded DNA of one sister chromatid. Both 5 ¢ ends of the DSB are rapidly resected by MRE-11, RAD-50, and COM-1 to reveal 3 ¢ single-stranded tails, on which RAD-51 forms a fi lament. RAD-54 promotes invasion by one end of the DSB into the DNA duplex of the homolog to form the nascent D-loop structure. As DNA synthesis occurs, the D-loop expands. The D-loop structure is processed by two major pathways to yield COs and NCOs. COs, which hold bivalents together, arise from the formation of stable single-end invasions, followed by second end capture and then the formation of double Holliday junctions, which are cleaved by a currently unknown resolvase. NCOs arise from either processing of double Holliday junctions or the synthesis-dependent strand-annealing pathway, through which the invading end of the DSB is ejected so that it can anneal with its sister chromatid. Following annealing, DNA synthesis and ligation occur to complete the formation of NCOs HJ resolution to yield COs requires cleavage of the structure across the junction followed by ligation. Symmetric cleavage of the HJ allows for ligation immediately following cleavage, but asymmetric cleavage of the HJ requires further processing prior to religation. The main meiotic HJ resolvase in C. elegans and most other eukaryotes has yet to be identi fi ed (Schwartz and Heyer 2011 ) . Fission yeast utilizes Mus81 as its primary HJ resolvase (Boddy et al. 2001 ) . Although mus-81 single mutants in C. elegans have increased embryonic lethality, recombination intermediates do not persist into late meiotic prophase (Saito et al. 2009 ) . However, MUS-81 is required to process COs stemming from the repair of exposure to gamma-irradiation and those that arise in a rtel-1 mutant background (Youds et al. 2010 ) . A mutation in mus-81 is synthetic lethal with a mutation in him-6 , which encodes for the homolog of the yeast Sgs1 helicase in C. elegans (Saito et al. 2009 ) . In budding yeast, Sgs1 prevents multichromatid joint molecules, which involves invasion of the sister chromatid . Thus, it is likely that MUS-81 is required to process the toxic intermediates that form in him-6 mutants. The majority of CO products in Drosophila is dependent on the MEI-9(XPF-1)/MUS312(HIM-18)/ERCC1 complex (Yildiz et al. 2002 ; Boyd et al. 1976 ; Radford et al. 2007 ) . HIM-18/SLX-4 interacts with XPF-1 and SLX-1, but an interaction with ERCC-1 could not be detected by yeast two-hybrid (Saito et al. 2009 ) . HIM-18 appears to be responsible for resolution of only a subset of Holliday junctions during normal meiosis in C. elegans because chromatin bridges are visible in some of the bivalents of prometaphase I in him-18 oocytes and COs are reduced to ~51-70% of wild-type levels (Saito et al. 2009 ) . Human GEN1 and yeast Yen1 have HJ resolvase activity in vitro most similar to bacterial RuvC, which cleaves HJ symmetrically (Bennett et al. 1993 ; Ip et al. 2008 ) . Ectopically expressed human GEN1 in fi ssion yeast can rescue mus81 mutants (Lorenz et al. 2010 ) . However, gen-1 mutants in C. elegans have normal brood size and do not exhibit a Him phenotype (Bailly et al. 2010 ) . Since gen-1 mutants do not show chromosome segregation defects, GEN-1 does not appear to be involved in the processing of HJs during meiosis in C. elegans . Alternatively, there could be redundant mechanisms that preclude the analysis of the role of GEN-1 during meiosis in C. elegans . Therefore, its role in meiotic recombination remains to be further examined in C. elegans as well as in other systems.
Typically, the repair of meiotic DSBs is biased towards HR such that repair will favor CO production, which in turn are required for accurate chromosome segregation. Therefore, alternative forms of DSB repair are suppressed during meiosis to prevent either the use of the sister chromatid as a template for repair or nonhomologous end joining (NHEJ). However, when progression of HR is impaired, alternative forms of DSB repair are engaged. During normal meiosis, NHEJ does not play signi fi cant role in the repair of meiotic DSBs (Martin et al. 2005 ; Clejan et al. 2006 ) . However, either in the absence of synapsis or in the presence of defective sister chromatid cohesion, NHEJ is used to repair DSB breaks (Smolikov et al. 2009 ; Colaiacovo et al. 2003 ; Couteau et al. 2004 ) . Speci fi cally, while syp-3 C-terminal truncation mutants fail to synapse, DSBs eventually turn over to yield a few viable progeny in those mutants (Smolikov et al. 2007a ) . However, DSB turnover is further impaired in the syp-3 C-terminal truncation mutant when REC-8 is depleted by RNAi and in the absence of LIG-4, a component of the NHEJ machinery (Smolikov et al. 2007a ) . There is also no evidence of chromosome fragmentation in rad-51 and brc-1 mutants when HTP-3 is depleted by RNAi suggesting that DSB repair is completed in these mutants when barriers against alternative modes of DSB repair imposed by axis-associated components are no longer in place (Goodyer et al. 2008 ) . BRC-1 is not required for repair of DSBs by HR but functions to repair DSBs in syp-2 mutants (Adamo et al. 2008 ) . Additionally, breaks form at normal levels and get repaired in him-3 mutants despite the failure to pair and synapse chromosomes (Couteau et al. 2004 ) . The DSBs in him-3 mutants may be repaired using the intersister recombination or NHEJ pathways (Couteau et al. 2004 ) . Thus, both the axes and the central region actively inhibit both NHEJ and intersister recombination. Notably, orthologs for proteins involved in homolog bias such as the meiosisspeci fi c strand invasion proteins Dmc1, Hop2, and Mnd1 have not been identi fi ed in C. elegans (MacQueen et al. 2002 ; Villeneuve and Hillers 2001 ) . This suggests that C. elegans may rely more extensively on just the axes to enforce homolog bias.
Homolog bias may be enforced by axes mediating processing of DSBs at the level of resection prior to late pachytene. RAD-50-dependent loading of RAD-51 in early meiotic prophase is correlated with the ability to form crossovers between homologs (Hayashi et al. 2007 ) . However, the loading of RAD-51 no longer requires RAD-50 in early meiotic prophase when htp-1 and him-3 are depleted (Hayashi et al. 2007 ) . Since HTP-3 interacts with MRE-11 (Goodyer et al. 2008 ) , axial elements may promote homolog bias perhaps through direct interaction with components of the DSB repair machinery. Given that homolog bias appears to be restricted to mid-pachytene (Hayashi et al. 2007 ) , the axis may impose a "kinetic constraint" as opposed to a permanent barrier to nonhomologous forms of repair (Goldfarb and Lichten 2010 ) .
Repair of a subset of DSBs has been proposed to help align homologous chromosomes to prevent nonhomologous interactions (Smithies and Powers 1986 ; Getz et al. 2008 ) . However, C. elegans may rely less on DSBs to align chromosomes because they have evolved PCs. The requirement of CO formation to promote homolog alignment is also not present in Drosophila, which relies on cis -acting regions to pair their chromosomes, and fi ssion yeast, which uses the horsetail movement to promote homolog pairing (discussed above). Importantly, in C. elegans COs are nonrandomly distributed on chromosomes and are fi ve times more likely to form at the terminal third of chromosomes (Hillers and Villeneuve 2003 ) . Finally, these hotspots for recombination tend to occur in gene-poor regions of the chromosomes (Barnes et al. 1995 ) . Similarly, in budding yeast, DSB hotspots mostly occur at promoters, but at interstitial regions of chromosomes (Petes 2001 ; Pan et al. 2011 ) . In contrast, almost half of mouse recombination hotspots occur within genes (Smagulova et al. 2011 ) .
The nonrandom distribution of crossovers re fl ects the nonrandom distribution of DSBs and DSB formation is in fl uenced by the state of meiotic chromatin. An open chromatin state, modulated in part by post-translationally derived histone modi fi cations, can make the DNA more competent for DSB formation by increasing the accessibility of the recombination machinery (Petes 2001 ) . In support of this model, hotspots for recombination are typically devoid of nucleosomes (Pan et al. 6 Meiotic Development in Caenorhabditis elegans 2011 ; Fan and Petes 1996 ) . However, histone H3 methylation on lysine 9 (H3K9me), which is a modi fi cation associated with closed chromatin, is also required for DSB formation in C. elegans (Reddy and Villeneuve 2004 ; Lachner and Jenuwein 2002 ) . him-17 mutants, which fail to accumulate the H3K9me chromatin mark, phenocopy spo-11 mutants and lack meiotic DSBs (Reddy and Villeneuve 2004 ) . Thus, compaction of chromatin also plays a role in DSB formation, perhaps by facilitating proper loop-axis conformation. Furthermore, H3K9me patterns in a somatic background also correlate with recombination rates along chromosomes (Liu et al. 2011 ) . One may extrapolate from data on somatic cells and suspect that a similar pattern of H3K9me exists on meiotic chromatin. Speci fi cally, H3K9 methylation is enriched on chromosome arms compared to the central region of chromosomes, where crossover formation tends to be excluded (Liu et al. 2011 ) . Regulation of histone acetylation is apparently also important as suggested by the analysis of XND-1, an AT hook motifcontaining protein, which is enriched on autosomes and required for formation of DSBs on the X chromosome (Wagner et al. 2010 ; Harris et al. 2010 ) . The germlines of xnd-1 mutants have accumulated histone H2A lysine 5 acetylation (H2AK5Ac) and crossover distribution is altered in this background (Wagner et al. 2010 ) . In xnd-1 mutants, COs occur more frequently in the middle of chromosomes, which are generich, rather than at the arms of the chromosomes (Wagner et al. 2010 ) . The histone acetyltransferase Tip60 mediates accumulation of H2AK5Ac to allow for exchange of phosphorylated H2Av for unmodi fi ed H2Av following induction of DSBs in somatic cells in Drosophila and removal of g -H2AX after DNA damage in human cell culture (Kusch et al. 2004 ; Ikura et al. 2007 ) . MYS-1, the homolog of Tip60, maybe required for accumulation of H2AK5Ac in C. elegans (Wagner et al. 2010 ) ; however, more recent data suggests that this may not be the case, as H2K5Ac levels are not affected by RNAi depletion of MYS-1 (Couteau and Zetka 2011 ) . Moreover, CRA-1 localizes to autosomes and is also required for accumulation of H2AK5Ac (J. Gao and M.P. Colaiácovo, personal communication). Therefore, while XND-1 acts to remove H2AK5Ac, CRA-1 and MYS-1 may both act to promote H2AK5Ac (J. Gao and M. Colaiacovo, personal communication) . However, further studies will be required to uncover how the interplay between these factors promotes the dynamic regulation of histone modi fi cations in the germline ultimately impacting meiotic DSB formation and repair.
Late Prophase: Setting the Stage for the Metaphase I-Anaphase I Transition
Chromosomes become highly condensed and remodeled as they approach late prophase to form the characteristic "cruciform bivalent." This remodeling revolves around the site of crossover formation (Nabeshima et al. 2005 ) . Since crossovers form at the terminal third of chromosomes, crossovers asymmetrically divide chromosomes into a long and short arm. During remodeling, different components of the SC adopt distinct localizations along the arms of the bivalent. HTP-1 and HTP-2 are retained along the long arms of the bivalent (Martinez-Perez et al. 2008 ) , while SYP-1 only localizes to the short arm of the bivalent ( Fig. 6.2 ; Martinez-Perez et al. 2008 ) . However, HIM-3 and HTP-3 localize to both arms of the bivalent with REC-8 (Goodyer et al. 2008 ; Zetka et al. 1999 ) .
Cleavage of REC-8 along the short arms has been proposed to allow the homologs to segregate to opposite poles and is dependent on its phosphorylation state (Rogers et al. 2002 ; Schumacher et al. 1998 ) . In yeast, Casein kinase or Dbf4-dependent Cdc7 kinase (DDK)-dependent phosphorylation is responsible for Rec8 cleavage (Ishiguro et al. 2010 ; Katis et al. 2010 ) . In monocentric organisms, Rec8 is protected at centromeric/pericentromeric regions resulting in a de fi ned region of preservation of cohesion. Shugoshin-mediated dephosphorylation by phosphatase PP2A allows for evasion of Rec8 cleavage in monocentric organisms (Riedel et al. 2006 ; Kitajima et al. 2006 ) .
As an organism with holocentric chromosomes, C. elegans has developed an alternative strategy to designate sites of cohesion retention. The chromosomal passenger complex (CPC), which includes AIR-2 (Aurora B kinase), CSC-1 (Borealin), BIR-1 (Survivin), and ICP-1 (Incenp), localizes to the short arms of the bivalents (Kaitna et al. 2002 ; Romano et al. 2003 ; Speliotes et al. 2000 ) . AIR-2 localization is restricted to the short arms by LAB-1 and HTP-1/2 (de Carvalho et al. 2008 ; Martinez-Perez et al. 2008 ) . Moreover, phosphorylation of REC-8 by AIR-2 licenses cleavage of REC-8 (Rogers et al. 2002 ) . Histone H3 along the short arms is an additional phosphorylation target of AIR-2 (Kaitna et al. 2002 ; Hsu et al. 2000 ) . Interestingly, the C. elegans Shugoshin homolog SGO-1 is dispensable for the retention of REC-8 along the long arms and does not appear to localize to the long arms (de Carvalho et al. 2008 ) . Instead, sgo-1 mutants have chromosome segregation defects that become evident during meiosis II divisions; sgo-1 mutants exhibit lagging chromosomes and polar body extrusion (de Carvalho et al. 2008 ) . Therefore, LAB-1 is proposed to antagonize AIR-2-mediated phosphorylation of REC-8 along the long arms of the bivalent by recruiting the C. elegans PP1 phosphatases GSP-1 (GLC-7 a ) and GSP-2 (GLC-7 b ) (de Carvalho et al. 2008 ; Rogers et al. 2002 ) , which dephoshorylate REC-8, thereby preventing its cleavage by separase at the long arm (Rogers et al. 2002 ) .
The holocentric nature of C. elegans chromosomes requires a unique assembly of the segregation-promoting machinery during meiosis compared to monocentric organisms. This is due in part to the fact that the fi rst meiotic division presents an additional challenge because homologs must segregate to opposite poles. Therefore, kinetochore assembly during the fi rst meiotic division is different from that during mitotic divisions. During mitotic divisions, the kinetochore assembles along the full length of the sister chromatids with microtubules attaching along the length of the chromosomes (Albertson and Thomson 1982 ) . During meiosis I, the holocentric kinetochore forms cup-like structures that surround the long arms of bivalents (Dumont et al. 2010 ; Monen et al. 2005 ) . Microtubules form bundles that run parallel to the long axis of the bivalents (Wignall and Villeneuve 2009 ; Howe et al. 2001 ) .
Since only a few microtubules attach to the ends of the bivalents, orientation of the bivalents on the spindle is largely driven by interaction of the kinetochores along the length of the long arms with the lateral microtubule bundles (Wignall and Villeneuve 2009 ; Dumont et al. 2010 ) . This allows one pair of sisters to face one spindle pole and the other pair of sisters belonging to the homolog to face the opposite pole. The short arms of the bivalents align in the center of the meiotic spindle during congression. Although kinetochores promote proper orientation of chromosomes on the spindle axis, they are dispensable for chromosome segregation during anaphase I (Dumont et al. 2010 ) . Instead, microtubules form bundles between the short arms during anaphase that may push outwards to segregate the homologs (Dumont et al. 2010 ) . At the short arms, AIR-2 recruits the spindle checkpoint kinase BUB-1, motor proteins KLP-19 and CEMP-F, and the microtubule-stabilizing protein CLS-1(CLASP) (Dumont et al. 2010 ) . Thus, AIR-2 plays multiple roles to promote the segregation of the homologs: AIR-2 marks REC-8 for cleavage and recruits machinery to actively separate the homologs (Kaitna et al. 2002 ) .
Summary and Future Perspectives
Multiple processes contribute to ensuring the accurate segregation of homologous chromosomes during meiosis I in C. elegans . (1) Chromosomes undergo structural changes via the loading of cohesin protein complexes, assembly of axial elements, and dynamic changes in chromatin marks. (2) Pairing centers facilitate homolog recognition. (3) The SC forms to stabilize pairing interactions and promote crossover formation between homologs. (4) A subset of programmed DSBs are repaired to form COs. (5) The bivalent is differentiated by regulated retention and loss of various proteins along chromosome arms to allow for proper chromosome alignment at the metaphase plate, followed by homolog separation at anaphase I. Although we have gained some understanding of how these meiotic processes function to properly segregate chromosomes in C. elegans , a more thorough molecular understanding of the mechanisms promoting accurate segregation remains to be achieved, and we still do not fully understand how these processes are regulated to act coordinately.
C. elegans shares a high degree of gene conservation with higher eukaryotes. While 20-77% of genes in C. elegans have a mouse ortholog, approximately 60-80% of all genes in C. elegans have a human ortholog and most physiological and stress signaling pathways are also conserved (Lai et al. 2000 ; Leung et al. 2008 ; Kaletta and Hengartner 2006 ) . This is a powerful model system that allows for studies of complex biological processes in the context of a multicellular organism. Investigations using C. elegans have already fostered a better understanding of meiotic processes that are universal to other organisms (Colaiacovo 2006 ; Garcia-Muse and Boulton 2007 ) . C. elegans is a relevant model organism for the study of reproductive biology that can be utilized to study the impact of environmental factors on meiotic progression. For example, exposure to Bisphenol A, a plasticizer highly prevalent in our environment and which is linked to meiotic chromosome segregation defects in mammals, was demonstrated to alter expression of DSB repair factors resulting in impaired DSB repair in C. elegans (Allard and Colaiacovo 2010 ; Hunt et al. 2003 ) .
Many of the remaining signi fi cant questions centered on meiotic processes can be addressed in this model system to further advance our knowledge of what happens in higher eukaryotes. Additional studies can reveal how axis-associated components coordinate both synapsis and recombination to determine the outcome of recombination events. It is still unclear how pairing and synapsis are monitored to avoid nonhomologous interactions. Although there have been extensive studies on both the mechanisms and the proteins involved in recombination, this remains a complex process whose regulation is still poorly understood. Therefore, more studies will be required to tease out both the direct and indirect roles of cohesin, axial elements, and the SC in mediating recombination. Moreover, further studies addressing the dynamic regulation of chromatin marks throughout the germline will enhance our understanding of how sites of recombination are determined and how it can affect downstream repair events. Furthermore, it remains to be determined how bivalent asymmetry is assessed to allow for its differentiation. Importantly, much of our understanding of the meiotic processes in C. elegans can shed light on how these processes occur in other organisms including mammals, therefore signi fi cantly contributing to our understanding of the mechanisms promoting human reproductive health.
